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PATENT 

ATTORNEY DOCKET NO: 08305/026001/9803 

READOUT CIRCUIT WITH GAIN AND ANALO G -TO -DIGITAL CONVERSION 

FOR IMAGE SENSOR 

BACKGROUND 

This disclosure relates, in general, to image 
sensors and, in particular, to readout circuits for, such 
sensors . 

Image sensors find applications in a wide variety of 
fields, including machine vision, robotics, guidance and 
navigation, automotive applications, and consumer products. 
In many smart image sensors, it is desirable to integrate 
on-chip circuitry to control the image sensor and to perform 
signal and image processing on the output image. Unfortun- 
ately, charge -coupled device (CCD) , which have been one of 
the dominant technologies used for image sensors, do not 
easily lend themselves to large scale signal processing and 
are not easily integrated with CMOS circuits. Moreover, a 
CCD is read out by sequentially transferring the signal 
charge through the semiconductor, and the readout rate is 
limited by the need for nearly perfect charge transfer. 

Active pixel sensors (APS) , which have one or more 
active transistors within the pixel unit cell, can be made 
compatible with CMOS technologies and promise higher readout 
rates compared to passive pixel sensors. Active pixel 
sensors are often arranged as arrays of elements, which can 
be read out, for example, a column at a time. As it is read 



out, each column is driven and buffered for sensing by a 
readout circuit. 

The analog signals that are read out from the sensor 
array typically are converted to digital signals to 
5 facilitate subsequent processing of the image. During 
analog-to-digital conversion, a reference voltage can be 
used to generate digital representations of the analog input 
signals. Signal resolution often is maximized when the 
expected range of the analog input signal matches the 

10 reference voltage level. However, in some situations, the 

output of the CMOS image sensor has a relatively low voltage 
level due to a low light condition or operation at a high 
frame rate. Thus, in such situations, it may be necessary 
or desirable to amplify the output signals from the CMOS 

15 image sensor to provide a stronger analog input signal to 
the analog-to-digital converter (ADC) . 

In some imagers, a single readout stage is used to 
an entire array of pixels. Recently, there has been 
heightened interest in parallel column architectures to 

20 increase the overall speed and/or accuracy of the output 
stage. However, in the past, size and power constraints 
have limited the extent to which such architectures could be 
implemented for a CMOS imager. 
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SUMMARY 

In general, according' to one aspect, a circuit for 
reading out values of pixels from an active pixel sensor 
array includes a first sample -and- hold circuit for sampling 
5 and storing signals from pixels in a first column and a 
second sample -and- hold circuit for sampling and storing 
signals from pixels in a second column. An operational 
amplifier-based charge sensing circuit, associated with only 
the first and second columns in the array, selectively 
10 provides an amplified differential output signal based on 

signals sampled either by the first sample-and-hold circuit 
or the second sample-and-hold circuit. 

The readout circuit also can include an analog-to- 
digital converter, associated only with the first and second 
15 columns in the array, for converting the differential output 
to a corresponding digital signal using a successive 
approximation technique. 

In various implementations, one or more of the 
following features are present. For example, a pre-gain 
20 offset voltage selectively can be added to a signal sampled 
by one of the sample-and-hold circuits. Furthermore, the 
readout circuit can include an array of capacitors which 
selectively can be enabled to choose a gain associated with 
the operational amplifier-based charge sensing circuit. In 
2 5 some embodiments, the circuit has first and second arrays of 



capacitors which selectively can be enabled to choose a gain 
associated with the operational amplifier-based charge 
sensing circuit. One array can be used to select the gain 
with respect to signals sampled by the first sample-and-hold 
5 circuit, and the second array can be used to select the gain 
with respect to signals sampled by the second sample-and- 
hold circuit. Additionally, the operational amplifier-based 
charge sensing circuit can include a switched capacitor 
integrator . 

10 The analog-to-digital converter can include, for 

example, a comparator and a first binary-scaled capacitor 
network. In one embodiment, the capacitors in the first 
network share a common node coupled to a first input of the 
comparator, and the amplified differential output signal 

15 from the charge sensing circuit is coupled to a second input 
of the comparator. Each of the capacitors in the first 
capacitor network can have an associated latch circuit. The 
latch circuit can store a bit corresponding to a 
differential signal for a pixel sampled by the first sample- 

20 and-hold circuit while a differential signal for a pixel 

sampled by the second sample-and-hold circuit is amplified 
and converted to a corresponding digital signal. 

The readout circuit further can include a 
calibration network for providing a signal to cancel an 

25 offset of the comparator. A second binary-scaled capacitor 



network can be used to successively approximate and store 
the offset of the comparator," and the capacitors in the 
second capacitor network can share a node in common with the 
capacitors in the first capacitor network. In some 
implementations, the calibration network selectively can be 
enabled to provide a DC shift to the common node to ensure 
that the signal for cancelling the comparator offset appears 
as a positive voltage. In one particular embodiment, one 
side of each capacitor in the first capacitor network 
selectively can be connected to a first reference voltage, 
and one side of each capacitor in the second capacitor 
network selectively can be connected to a second reference 
voltage different from the first reference voltage. In some 
implementations, the calibration network selectively can be 
enabled to provide a post-gain offset for the differential 
output signal from the charge sensing circuit. 

According to another aspect, a CMOS imager includes 
an array of active pixel sensors, where each pixel is 
associated with a respective column in the array. The 
imager also has multiple circuits for reading out values of 
pixels from the active sensor array. Each readout circuit 
is associated with a respective pair of first and second 
columns in the array. In addition, each circuit includes a 
first sample-and-hold circuit for sampling and storing 
signals from pixels in the first column and a second sample- 




and-hold circuit for sampling and storing signals from 
pixels in the second column. " Each readout circuit also 
includes a respective operational amplifier-based charge 
sensing circuit that selectively provides an amplified 
5 differential output signal based on signals sampled either 
by the first sample-and-hold circuit or the second sample- 
and-hold circuit. Furthermore, each readout circuit has an 
analog-to-digital converter for converting the differential 
output to a corresponding digital signal using a successive 

10 approximation technique. 

In other implementations, each readout circuit can 
be associated with only a single column of sensors rather 
than two columns. In other words, each column would have 
its own respective amplification and analog-to-digital 

15 conversion stages. In yet other implementations, a single 
amplification stage and analog- to-digital conversion stage 
can be associated with a group of more than two columns 
(e.g, four or six) in the array. 

According to another aspect, a method of reading out 

20 values from active pixel sensors in an array of sensors 

includes selecting a row of sensors whose values are to be 
read out and sampling signal and reset levels for two 
sensors in the selected row. A differential output signal 
is provided based on the sampled signals for a selected one 

25 of the sensors using an operational amplifier-based charge 



sensing circuit associated with only the two columns in 
which the two sensors are located. The differential output 
signal then is converted to a corresponding digital signal 
using an analog- to-digital converter associated with only 
the two columns . 

In some implementations, a pre-gain offset voltage 
to a sampled signal can be provided. Similarly, a gain can 
be selected for the differential output signal. In some 
cases, the act of converting the signal from an analog to a 
digital signal includes using a successive approximation 
technique, and a signal can be provided to cancel a 
comparator offset. The analog-to-digital conversion also 
can include providing a DC voltage shift to ensure that the 
signal for cancelling the comparator offset appears as a 
positive voltage. In some implementations, a post-gain 
offset is provided for the differential output signal. 

In the present description, the functions performed 
with respect to columns and rows of pixels in an array can 
be reversed. Accordingly, a reference to a column in a two- 
dimensional pixel sensor array should be understood as 
referring to one or more pixel sensors along one axis of the 
array, and a reference to a row in the array should be 
understood as referring to one or more pixel sensors along a 
second axis of the array, where the second axis is 
orthoganol to the first axis. 




Various implementations include one or more of the 
following advantages. For example, a readout circuit with a 
variable gain and analog- to-digital conversion can be made 
sufficiently small, compact and low-powered so that a 
5 separate readout circuit can be provided for each column or 
pair of columns of pixels in an array. Use of the readout 
circuit, therefore, can increase the parallel structure of 
the overall chip, thereby reducing the bandwidth which the 
circuit must be capable of handling. 

10 Sampling both the reset and signal levels allows 

correlated double sampling (CDS) to be performed which can 
reduce various forms of noise from the pixel. Furthermore, 
sensing charge using an operational amplifier-based 
integrator circuit allows the pixel values to be read out at 

15 a relatively high rate. In addition, the calibration 

network can help provide more accurate results by correcting 
various offsets associated with the circuitry and by 
extending the dynamic range of the analog- to-digital 
converter 

20 Other features and advantages will be readily 

apparent from the following description, accompanying 
drawings and the claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a block diagram of an exemplary CMOS 
active pixel sensor chip. 

FIG. 2 is a block diagram showing an array of active 
5 pixel sensors and a parallel column readout stage for 

providing amplification and analog- to-digital conversion. 

FIG. 3 is a block diagram illustrating further 
details of a readout circuit with amplification and analog- 
to-digital conversion . 
10 FIG. 4 is an embodiment of the readout circuit. 

FIG. 5 is a timing diagram for sample and hold steps 
associated with the circuit of FIG. 4. 

FIG. 6 is a- circuit diagram of an exemplary 
operational amplifier for use in the circuit of FIG. 4. 
15 FIG. 7 is a timing diagram for an amplification step 

associated with the circuit of FIG. 4. 

FIG. 8 is a circuit diagram of an exemplary 
comparator for use in the circuit of FIG. 4. 

FIG. 9 is a timing diagram illustrating a process of 
20 successive approximation performed during analog- to-digital 
conversion . 

FIG. 10 is an exemplary logic circuit associated 
with the analog- to-digital conversion. 

FIG. 11 is a timing diagram associated with the 
25 circuit of FIG. 10. 



Wl 



FIG. 12 is an exemplary logic circuit associated 
ith a calibration network for the analog- to-digital 



conversion . 



FIG. 13 is a timing diagram associated with the 



5 circuit of FIG. 12 . 

FIG. 14 is another embodiment of the readout 

circuit . 

FIGS. 15 and 16 are timing diagrams associated with 
the circuit of FIG. 14. 



FIG. 1 shows an exemplary CMOS active pixel sensor 
integrated circuit chip that includes an array of active 
pixel sensors 3 0 and a controller 32 which provides timing 
and control signals to enable reading out of signals stored 

15 in the pixels. Exemplary arrays have dimensions of 128 by 
128 pixels or 256 by 2 56 pixels, although, in general, the 
size of the array 30 will depend on the particular 
implementation. The imager is read out a row at a time 
using a parallel column readout architecture. The 

20 controller 32 selects a particular row of pixels in the 
array 30 by controlling the operation of a vertical 
addressing circuit 34 and row drivers 40. Signals stored in 
the selected row of pixels are read out to circuitry 42 for 
amplifying the pixel signals and for converting the analog 
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signals to corresponding digital signals. Signals for 
selecting the digital signals corresponding to a particular 
column in the array are provided from the controller 32 
through a horizontal addressing circuit 44. 

FIG. 2 shows the array 30 with multiple columns, 49A 
through 49N, of CMOS active pixel sensors 50. Each column 
includes multiple rows of sensors 50. Signals from the 
active pixel sensors 50 can be read out to respective 
circuits 52 each of which is associated with a different 
group of one or more columns 4 9A through 4 9N, with each 
column associated with one of the circuits 52. As shown in 
FIG. 3, each of the circuits 52 can receive and process 
signals from a pair of columns. For example, one of the 
circuits 52 receives and processes signals from columns 4 9A 
and 4.9B. In other implementations, each circuit 52 may 
receive and process signals either from only a single column 
or from more than two columns of sensors. For example, in 
some implementations, each circuit 52 would receive and 
process signals from four columns. Digital signals 
corresponding to the analog pixel signals then can be read 
out serially to a bus 54. 

As shown in FIG. 3, according to one implementation, 
each circuit 52 includes circuits 60A, 60B for sampling and 
holding signals from a corresponding one of the columns of 
pixels. For example, the circuit 60A can sample and hold 




signals from the column 49A, and the circuit 60B can sample 
and hold signals from the column 49B. In particular, pixel 
signal and reset values can be sampled by each of the 
sample-and-hold circuits 60A, 60B so as to generate a double 
5 sampled differential value. Additional circuitry 62A, 62B 
allows a pre-gain offset voltage VREF4 to be added or 
subtracted to a reset signal stored by the sample-and-hold 
circuits 60A, 60B. 

/y/^T/^he circuit 52 further includes an analog 
10 multiplexer (MUX) which allows the differential value 

corresponding to a selected one of the pixels to be passed 
through to a\charge transimpedance amplifier (CTIA) 66 which 
can have a variable gain. The amplified differential signal 
is stored by another sample-and-hold circuit 68 and is 
15 provided to a suVnming node 70. The summing node 70 also 
receives signals\from a calibration network 72 which uses 
reference voltagek VREF2 , VREF3 . The output of the summing 
node 7 0 is provided to an analog- to-digital converter (ADC) 
74 which uses a reference voltage (VREF1) . One or more 
20 latches 76 store the ^digital bits and can be enabled to 
transmit the bits to the bus 54. 

As shown in FIG. 4, CMOS active pixel sensors 50A, 
50B are located in respective columns 49A, 49B of the sensor 
array. Each sensor 50A, 50B can include a photo-sensitive 
25 element 80 buffered by a source -follower transistor 82 and a 
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row selection switch which can be implemented by a 
transistor 84. A signal "ROW" is applied to the gate of the 
row selection transistor 84 to enable a particular row of 
pixels. In one implementation, the element 80 includes a 
photogate with a floating diffusion output separated by a 
transfer gate. Each pixel 50A, 50B also includes a reset 
switch which can be implemented as a transistor 86 
controlled by a signal "RST" applied to its gate. 

As further illustrated in FIG. 4, the readout 
circuit 52 includes load transistors Ml, M2 for the 
respective source -followers 82. As described in greater 
detail below, signals from selected pixels can be read into 
the respective sample-and-hold circuits 60A, 60B. The two 
sample-and-hold circuits 60A, 60B are substantially the same 
15 and, thus, only one of them will be described in detail. 

The sample-and-hold circuit 60A includes a sample 
switch SI and a charge storage element such as the capacitor 
CI. The switch SI can be implemented as a transistor which 
can be enabled to be in a conductive state or a non- 
20 conductive state. 

A pre-gain offset voltage can be added to a value 
stored by the capacitor CI by controlling the states of 
switches S6, S7 which connect the lower plate of a capacitor 
C2 either to ground or to the offset voltage VREF4 . The 
25 capacitor C2 is connected in parallel with the capacitor CI. 
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The capacitor C2 can be used, for example, to subtract a 
dark signal level prior to amplifying the pixel signal. 
That can increase the dynamic range of the sensor 50 by 
removing a common DC offset from the pixel array 30. 
Preferably, the ratio of the values of the capacitors C2 and 
CI is approximately 1 to 64 . 

A source- follower transistor M3 with a load 
transistor M4 is coupled between the hold capacitor CI and 
an array of clamping capacitors C3 , C4 , C5 connected in 
parallel. In one implementation, the capacitors C3 , C4 , C5 
form a binary- scaled array. Thus, for example, the values 
of C3, C4 and C5 can be 64, 128 and 256 f emto-f arads , 
respectively. Each capacitor in the array has a 
corresponding switch S2 , S3, S4 . When a switch, such as the 
switch S2, is closed, one of its poles is coupled to the 
right-hand plate of the corresponding capacitor C3 . A 
second pole of each switch S2 , S3, S4 can be coupled to a 
clamping voltage level Vcl by closing a switch S5. 

To provide a signal from a selected one of the 
sample -and-hold circuits 60A, 60B to the amplifier circuit 
66, one of two switches S8, S9 is closed. For example, to 
select the output of the circuit 60A, the switch S8 would be 
closed. Conversely, to select the output of the circuit 
60B, the switch S9 would be closed. Thus, the switches S8, 
S9 correspond to the multiplexer 64 in FIG. 3. Each of the 
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switches S2 through S9 can be implemented, for example, as 
transistors which can be switched between a conductive and 
non- conductive state by applying appropriate voltage signals 
to their respective gates. 

The operation of the sample-and-hold circuits 60A, 
60B is explained with reference to the timing diagram of 
FIG. 5. During signal integration in the pixel array 30, 
the row selection transistors 84 are turned off by setting 
the row selection signal "ROW" to a low signal such as 0 
volts (V) . Following signal integration, an entire row of 
pixels is read out substantially simultaneously with pixels 
from two columns being sampled by each circuit 52. 

Prior to reading out the row of pixels, the switches 
S2, S3, S4 and S5 are closed. At this time, the switches 
S8, S9 should be open. Next, the pixels in the row to be 
read out are addressed by enabling the corresponding row 
selection transistors 84. Thus, the signal value on the 
photosensitive element 80 in the pixel 50A is switched 
through the corresponding source-follower transistor 82 and 
row selection transistor 84. The sampled pixel value is 
held by the capacitor CI in the sample-and-hold circuit 60A. 
Similarly the left-hand plates of the capacitors C3, C4 , C5 
are held at the pixel signal value. The right-hand plates 
of the clamping capacitors C3 , C4, C5 are held at the 
voltage level Vcl . At substantially the same time, the 




signal value of the pixel SOB appears on the corresponding 
array of capacitors in the sample-and-hold circuit 60B. 

Next, the switch S5 in each sample-and-hold circuit 
60A, 60B is opened so that the right-hand plates of the 
5 capacitors C3 , C4 , C5 remain floating at the voltage level 
Vcl. The photosensitive element 80 in each pixel in the 
selected row is reset by enabling the corresponding reset 
transistor 86. The reset level of the pixel then is stored 
by the corresponding capacitor CI. Similarly, the voltage 

10 on the floating side of the clamping capacitors C3 , C4 , C5 
rises above the voltage level Vcl by an amount equal to the 
difference between the pixel reset level (V reset ) and the 
signal level (V signal ) . The sample switch SI is then opened. 
Once the pixel signal and reset values have been 

15 sampled, the differential values are amplified, and the 
amplified values are converted to corresponding digital 
signals. Since the two sample-and-hold circuits 60A, 60B 
share a single gain and analog- to-digital conversion 
circuit, the amplification and conversion steps are 

20 performed with respect to the pixel from the even-numbered 

column (e.g., column 4 9A) and subsequently performed for the 
pixel from the old-numbered column (e.g., column 49B) . A 
set of latches 96 associated with the ADC 74 stores the 
results from the first amplification and conversion steps 

25 while the pixel value from the remaining column is being 



processed. Then, two bytes of information corresponding to 
the two pixels 50A, 50B are read out from the latches 96 to 
transfer the bytes to the bus 54, with one byte transferred 
during each clock cycle. 

Returning to FIG. 4, further details of the charge 
sensing amplifier circuit 66 are now explained. The 
amplifier circuit 66 includes an operational amplifier 90, a 
feedback switch S10 and a feedback capacitor C6 . Details of 
an exemplary operational amplifier 90 are illustrated in 
FIG. 6. The gain (G) of the charge sensing amplifier 
circuit 66 is determined by the clamping capacitors C3 , C4 , 
C5 (FIG. 4) that are selectively coupled to an input of the 
operational amplifier 90 through the switch S8 (or S9) . The 
gain of the amplifier circuit is, therefore, approximately 
equal to the ratio of the effective capacitance seen by the 
negative terminal of the operational amplifier 90 and the 
value of the feedback capacitor C6 . Thus, the gain (G) can 
be varied by closing a selected one or more of the switches 
S2, S3, S4 during the amplification step. 

The output of the operational amplifier 90 is 
coupled through a switch S14 to a circuit that includes 
capacitors C8, C9, C10. A clamping circuit includes a 
switch S15 that selectively can be closed to hold the right- 
hand plate of the capacitor C10 at the voltage level Vcl . A 
source-follower transistor M7 with a load transistor M6 



couples the output of the operational amplifier 90 to the 
capacitors C9, CIO. 

The amplifier circuit 66 also can include additional 
circuitry for reducing or eliminating an offset of the 
5 operational amplifier 90. The additional circuitry includes 
the capacitor C7 and switches Sll, S12, S13, with common 
poles of the switches Sll and S13 held at the reference 
voltage Vcl. Each of the switches S10 through S15 can be 
implemented, for example, as transistors which can be 
10 switched between a conductive and non- conductive state by 
applying appropriate voltage signals to their respective 
gates . 

Operation of the amplification stage of the circuit 
52 is explained with reference to the timing diagram of FIG. 

15 7. The operational amplifier 90 is reset by closing the 

switch S10, at which time the switches Sll and S12 also are 
closed. The offset of the operational amplifier 90 is 
stored across the capacitor C7 connected to the positive 
terminal. At substantially the same time, the clamping 

20 circuit is enabled to store the offset level by closing the 
switches S14 and S15. 

Next, the reset switch S10, as well as the switches 
Sll, S12, are opened, and the switch S13 is closed. In 
addition, the clamping switch S15 is opened. As a result, 

25 the offset of the operational amplifier 90 is stored on its 



positive terminal, and the output of the operational 
amplifier settles to about the voltage level Vcl . The 
clamping capacitor CIO stores the reset value of the 
operational amplifier 90 relative to the voltage level Vcl. 
5 While the reset operation is being performed, one or 

more of the switches S2, S3, S4 are closed to select the 
variable gain (G) of the amplifier circuit. In some 
applications, the same gain is used for all the pixels. In 
other applications, however, the sensor array is configured 

10 to capture color images by covering different pixels with 
different spectrum-discriminating filters. Each pixel 
responds to a different primary color, such as red, green or 
blue. Different gains may be applied to signals from pixels 
associated with different colors which can be desirable, for 

15 example, to increase the perceived luminance of the captured 
image . 

Once the reset operation for the operational 
amplifier 90 has been completed, the switch S8 (or S9) is 
closed to enable the charge stored on the clamping 

20 capacitors C3 , C4 and/or C5 to be transferred to the 

feedback capacitor C6 . The signal appearing at the output 
of the operational amplifier 90 is proportional to the gain 
(G) times the difference between the pixel reset and signal 
levels (Vreset-Vsignal) . When the switch S14 at the output 

25 of the operational amplifier 90 is opened, the voltage at 



the left-hand plate of the clamping capacitor CIO is the 
amplified differential signal relative to the voltage level 

VcsU. 

amplified differential analog signal then is 

5 converted\o a corresponding digital signal by the ADC 74. 
In the implementation of FIG. 4, the ADC 74 includes a 
comparator 92\and a binary-scaled network of capacitors Cll, 
C12, C18. Details of an exemplary comparator circuit 92 are 
illustrated in FIG. 8. The comparator 92 includes positive 

10 and negative terminals and an output. A "strobe" signal 

enables the comparator 92 to provide an output signal based 
on the signals at itk positive and negative terminals. 

The binary- scaled capacitor network is used to 
approximate the amplified differential pixel signal using a 

15 successive approximation technique. The capacitor Cll 

corresponds to the most significant bit (MSB) in the digital 
signal, whereas the capacitor C18 corresponds to the least 
significant bit (LSB) . The relationship between the values 
of the capacitors for adjacent bits is such that the 

2 0 capacitance corresponding to the more significant bit is 

twice the capacitance of the less significant bit. Thus, if 
the capacitor Cll has a capacitance of C, the capacitor C12 
would have a capacitance of C/2 . In one implementation, the 
capacitor network includes eight capacitors so that the 

25 analog differential signal can be converted to an 8-bit 
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digital signal. The capacitor C18 would then have a 
capacitance of C/2 7 . 

The bottom plate of each capacitor Cll, C12, C18 can 
be connected to either zero volts or a reference voltage 
5 VREF1 by using respective switches S17, S18 associated with 
the particular capacitor. The reference voltage VREF1 
defines the dynamic range of the ADC 74. Each of the 
capacitors Cll, C12 , C18 in the network has associated logic 
94 and a latch 96 for storing one of the eight bits 
10 corresponding to the digital value for the pixel. Details 
of an exemplary circuit for the logic 94 and latch 96 are 
illustrated in FIG. 10. 

Prior to the analog-to-digital conversion step, the 
/ binary-scaled capacitor network is reset. For example, the 
15 capacitor network can be reset while the amplification step 
is being performed. To reset the capacitor network, a 
clamping switch S16 (FIG. 4) is closed to connect the common 
upper plate of the capacitors Cll through C18 to the voltage 
Vcl. ■ The switches S17 associated with the capacitors Cll 
20 through C18 also are closed to connect the lower capacitor 

plates to zero volts. By the time the amplification step is 
completed, the binary-scaled capacitor network is ready for 
the analog- to-digital conversion process, at which time the 
switch S16 is open. 



- 21 - 



To determine the corresponding digital value of the 
differential pixel signal, the bottom plate of the largest 
capacitor Cll, corresponding to the most significant bit, is 
switched to the reference voltage VREF1 by closing the 
switch S18 associated with that capacitor. The resulting 
voltage level on the common upper plate of the capacitor 
network appears on the negative terminal of the comparator 
92, and the differential analog pixel signal appears at the 
positive terminal of the comparator. If the voltage level 
on the negative terminal of the comparator 92 is greater 
than the value of the differential pixel signal, then the 
ADC 74 is returned to its initial value by switching the 
bottom plate of the capacitor Cll back to zero volts, which 
corresponds to a digital low bit CO"). On the other hand, 
if the voltage level on the negative terminal of the 
comparator 92 is less than the value of the differential 
pixel signal, then the bottom plate of the capacitor Cll is 
kept at the reference voltage VREF1, which corresponds to a 
digital high bit ("1") . 

The foregoing set of operations is repeated for the 
remaining capacitors in the binary-scaled network in order 
of size. The ADC 74, therefore, adjusts the voltage 
appearing on the negative terminal of the comparator 92 in 
increments of VREFl/2, VREFl/4, etc, in order to approximate 
the value of the differential pixel signal. As the 



algorithm proceeds, the voltage appearing on the negative 
terminal of the comparator 92 approaches the differential 
pixel signal until it is equal to it, within the precision 
of the ADC 74 (see FIG. 9).. 

The result of the comparison for each capacitor Cll 
through C18 in the binary-scaled network is stored by the 
associated one of the latches 96 to hold the switches S17, 
S18 in their proper positions. Once the foregoing 
operations are completed for each of the capacitors Cll 
through C18 in the binary scaled network, the values of the 
digital bits corresponding to the analog differential pixel 
signal are stored by the respective latches 96 while the 
amplification and conversion steps are performed for the 
pixel SOB from the odd-numbered column 4 9B. 

Operation of the circuitry for the logic 94 and 
latch 96 is described with respect to one of the capacitors 
in the binary-scaled capacitor network, for example, the 
capacitor Cll, with reference to FIG. 10 and the timing 
diagram of FIG. 11. The circuit of FIG. 10 includes two 
latches 96A, 96B each of which has a tri-state driver. 
Prior to enabling the comparator 92, the circuit of FIG. 10 
is cleared by asserting a "clear" signal to turn on the 
transistor M5 . A "preset_bar " signal is asserted which sets 
a first latch 96A and causes a transistor Ml, which 
corresponds to the switch S18 in FIG. 4 to be turned on. 
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The lower plate of the capacitor Cll is, thus, connected to 
the voltage level VREF1 . Then, the comparator 92 is enabled 
by asserting the "strobe" signal (see FIG. 8) . The output 
of the comparator 92, is provided to the transistor M6 , and 
5 a "select" signal enables a transistor M9 to allow the 

comparator output signal to be locked into the latch 96A. 
If the output from the comparator 92 is low, then the 
transistor M7 remains enabled and the lower plate of the 
capacitor Cll remains connected to the voltage level VREF1. 

10 On the other hand, if the comparator output is high, then 
the transistor M8 , corresponding to the switch S17 in FIG. 
4, is turned on, thereby connecting the lower plate of the 
capacitor Cll to ground. The foregoing operations are 
performed in sequence with respect to each of the capacitors 

15 Cll through C18 so as to determine and store a value for 
each of the eight bits. 

Next, the latched values corresponding to the eight 
bits for the pixel are transferred to the respective second 
latches 96B while the analog value of the pixel 50B is 

20 amplified and converted to its corresponding digital value. 
The transfer operation is performed in parallel for all 
eight bits. Prior to transferring the digital bit stored by 
each latch 96A to the corresponding latch 96B, a "pre2bar" 
signal is asserted to set the latch 96B. The "pre2bar" 

25 signal can be asserted at about the same time as the "clear" 



signal discussed above. A "transfer^ enable" signal is 
asserted to transfer the value stored by the first latch 96A 
to the second latch 96B. 

Once the bits corresponding to the differential 
5 value for the pixel 50A have been transferred to the latches 
96B, the operational amplifier 90 can be reset, and the 
amplification and conversion processes are repeated with 
respect to the differential signal for the pixel SOB. The 
eight, bits corresponding to the pixel 50B would then be 

10 stored in the latches 96A. A " col_select _bar " signal then 
is provided from the addressing circuit 44 (FIG. 1) to the 
latches 96 to read out the two bytes of information. In one 
implementation, the amplification process and the analog-to- 
digital conversion process take approximately ten 

15 microseconds each. 




eturning now to FIG. 4, the circuit 52 also 



ingZudes \ calibration network 72 to provide corrections for 
the analog -\o-digital conversion based, for example, on the 
offset of theV comparator 92. The calibration network 72 

20 also includes k network of capacitors C19, C24, C25, C26 

whose upper plates are electrically connected to the upper 
plates of the capacitors Cll, C12, C18 in the ADC binary- 
scaled network. Eafch capacitor C19, C24, C25 and C26 has a 
respective latch andVLogic associated with it. For example, 

25 the capacitors C19, C2N1 have respective latches 102 and 



logic 100\ associated with them and can be connected to 
either zeAo volts or a reference voltage VREF2 . Similarly, 
the capacitor C25 has a latch 106 controlled by logic 104 
associated! with it and can be connected to either zero volts 
or the reference voltage VREF2 . The capacitor C26 has a 
latch 110 akd controlled by logic 108 associated with it and 
can be connected to either zero volts or a reference voltage 

VREF3 . \ 

The capacitors C19, C24 form a binary-scaled network 
similar to the network formed by the capacitors Cll through 
C18, with the capacitor C19 representing a most significant 
bit (MSB) and the capacitor C24 representing the least 
significant bit (LSB) . Although only two capacitors are 
shown, the binary-scaled network in the calibration network 
72 can include additional capacitors. Thus, in one 
implementation, the binary-scaled network in the calibration 
network 72 has five capacitors, such that if the value of 
the capacitor C19 is C, then the value of the capacitor C24 
would be C/16. The set of capacitors C19 through C24 are 
used to help reduce fixed pattern noise (FPN) as described 
below. 

Calibration can be performed, for example, when 
power is initially applied to the active sensor pixel chip. 
In general, the calibration is performed by applying 
substantially the same voltage to both the positive and 



negative terminals of the comparator 92, using the binary- 
scaled capacitor network (C19 through C24) to approximate 
the value at the output of the comparator, and storing the 
comparator offset in the calibration network 72. More 
specifically, the clamping capacitor CIO is charged to the 
voltage Vcl, and the voltage Vcl is provided to both the 
positive and negative terminals of the comparator 92 by 
closing the clamping switches S15 and S16. Initially, the 
capacitors C19 through C26 in the calibration network 72 are 
connected to zero volts. The binary-scaled capacitor 
network (C19 through C24) then can be used to successively 
approximate the comparator offset in a manner similar to the 
technique described above with respect to the binary-sealed 
capacitor network in the ADC 74. The estimated value of the 
comparator offset is stored by the respective latches 102 
and can be applied to the common upper plate of the 
capacitors in the ADC binary- scaled network just prior to 
the conversion process using an "enable_of f set " signal (see 
FIG. 11) . That has the effect of cancelling the comparator 
offset in the analog domain before the analog- to-digital 
conversion begins. 

The reference voltage VREF2 used by the binary- 
scaled network in the calibration network 72 should be 
separate from the reference voltage VREF1 used by the 
binary- scaled network in the ADC 74 because the reference 
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voltage for the conversion bits can change depending on the 
environment. Using separate reference voltages eliminates 
the need to recalibrate each time the reference voltage for 
the ADC changes. In addition, using a separate reference 
voltage enables sub-LSB offset correction of the comparator 
92 . 

An exemplary circuit for the logic 100 and latch 102 
associated with each of the capacitors, C19 through C24, is 
illustrated in FIG. 12. Operation of the circuitry for the 
logic 100 and latch 102 is described with respect to one of 
the capacitors in the binary-scaled capacitor network, for 
example, the capacitor C19, with reference to FIG. 12 and 
the timing diagram of FIG. 13. The circuit of FIG. 12 
initially is cleared by asserting a "cclr" signal which 
15 turns on the transistor M10, thereby connecting the 

capacitor C19 to ground through the transistor . Mil . The 
transistor Mil corresponds to the switch S19 in FIG. 4. 

Once the capacitor C10 at the positive terminal of 
the comparator 92 is charged to the voltage Vcl, the 
"enable_of fset" signal is asserted, thereby turning on the 
transistors M12, M13 . Next, a signal "cpreset_bar" is 
asserted which turns on a transistor M14. That, in turn, 
causes the transistor Mil to be turned off, and the 
transistor M15, which correspond to the switch S20 in FIG. 



20 
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4, to be turned on. The lower plate of the capacitor C19 
is, thus, connected to the voltage VREF2 . 

Next, the comparator 92 is enabled by asserting the 
"strobe" signal (see FIG. 8) . The output of the comparator 
92 is provided to the transistor M16, and a "cselect" signal 
enables a transistor M17 to allow the comparator output 
signal to be locked into the latch 102. If the output from 
the comparator 92 is low, then the transistor M16 is 
disabled. The transistor Mil remains turned off, and the 
transistor M15 remains turned on so that the lower plate of 
the capacitor C19 remains connected to VREF2 . On the other 
hand, if the comparator output is high, then the transistor 
M15 is turned off and the transistor Mil is turned on, 
thereby connecting the lower plate of the capacitor CI 9 to 
ground. The foregoing operations are performed in sequence 
with respect to each of the capacitors C19 through C24 so as 
to determine and store the offset value of the comparator 92 
in the calibration network 72 . 

As previously noted, the comparator offset stored by 
the calibration network 72 can be applied to the common 
upper plate of the capacitors in the ADC binary-scaled 
network just prior to the conversion process by asserting 
the "enable_of f set " signal (see FIG. 11) to cancel the 
comparator offset. 



In the implementation of FIG. 4, the analog-to- 
digital architecture does not determine a sign bit for the 
comparator offset. Thus, one of the additional capacitors 
(C25) in the calibration network 72 can be used during the 
calibration process to add a DC shift to ensure that the 
comparator offset appears as a positive voltage and is 
within the range that is established by the voltage level 
VREF2. The value of the capacitor C25 should be at least as 
large as the largest capacitor in the binary-scaled 
correction network (C19 through C24) . In other words, the 
value of the capacitor C25 should be at least as large as 
the value of the capacitor C19. 

The capacitor C26 in the calibration network 72 can 
be used to add a post-gain offset voltage to the 
differential pixel value to increase the dynamic range of 
the ADC 74. The post-gain offset can help eliminate, for 
example, the clipping of very small signals due to 
systematic ADC offsets. The value of the capacitor C26 can 
be the same as the capacitor C19. 

FIG. 14 illustrates an alternative embodiment of the 
readout circuit 52 . Components that are the substantially 
the same as in the embodiment of FIG. 4 are identified by 
the same reference numbers or letters. The circuit 52 of 
FIG. 14 differs primarily with respect to the configuration 
of the sample-and-hold circuits 60A, 60B, the circuits 62A, 



62B that provides the pre-gain offset, and the amplification 
circuit 66. As in the implementation of FIG. 4, the circuit 
52 samples values from pixels in two columns in parallel and 
then processes them sequentially. 

In FIG. 14, each sample-and-hold circuit, such as 
the sample-and-hold circuit 60A, includes a first switch, 
implemented as transistor M30, and a capacitor C30. A 
signal (SHS) is applied to the gate of the transistor M3 0 to 
control whether the transistor is in a conductive or non- 
conductive state. The sample-and-hold circuit also includes 
a second switch, implemented as transistor M31, and a 
capacitor C31. A signal (SHR) is applied to the gate of the 
transistor M31 to control the state of the transistor. This 
arrangement allows both the pixel signal and reset values to 
be sampled and stored. Thus, correlated double sampling 
(CDS) can be performed to reduce reset noise associated with 
the pixel as well as noise associated with the source- 
follower transistor 82 . Signals stored by the capacitors 
C30, C31 can be provided to a source-follower transistor M34 
by enabling a respective one of the switches M32, M33. A 
signal "phi_sO" controls the state of the switch M32, 
whereas a signal "phi_rO" controls the state of the switch 
M3 3 . 

The operation of the sample-and-hold circuit 60A in 
FIG. 14 is explained with reference to the timing diagram of 



FIG. 15. A sampled pixel value is switched through the 
sampling transistor M30 to one side of the capacitor C30 by 
asserting the signal "shs." Next, the pixel 50A is reset by 
asserting the signal "RST" and the reset value is switched 
through the sampling transistor M31 to one side of the 
capacitor C31 by asserting the signal "shr" . 

A variable pre-gain offset can be provided to the 
sampled reset value using the circuitry 62A which includes 
multiple capacitors C32, C33, C34 connected in parallel each 
of which can be connected either to ground or to the 
reference voltage (VREF4) using respective switches S3 0, 
S31, S32. 

The sample-and-hold circuit 60B and the associated 
circuitry 60B for establishing a pre-gain offset with 
respect to the odd column can be identical to the 
corresponding circuit for the even column. Once the signal 
and reset values for the pixels 50A, SOB have been sampled 
and stored, the amplification and analog- to-digital 
conversion steps are performed for the even-column pixel 50A 
and subsequently for the odd-column pixel SOB. 

The amplification stage 66 of the circuit in FIG. 14 
includes the operational amplifier 90, the reset switch S10 
which is controlled by a signal "phi_rst , " ' and the feedback 
capacitor C6 . The amplification circuit 66 also includes a 
binary-scaled array of capacitors C35 through C39 which 



allows a variable gain to be selected. The left-hand plate 
of each capacitor C35 through C39 is connected to a common 
node at the output of the source- follower transistor M34. 
The right-hand plate of each of the capacitors C35 through 
C3 9 can be connected to the negative terminal of the 
operational amplifier by closing respective switches S35 
through S3 9. 

In contrast to the configuration of FIG. 4, the 
circuitry for correcting the offset of the operational 
amplifier 90 can be eliminated in FIG. 14, and the positive 
terminal of the operational amplifier can be connected 
directly to the voltage Vcl . Similarly, in the 
implementation of FIG. 14, only a single capacitor array for 
establishing the variable gain is needed, in contrast to the 
two capacitor arrays (C3, C4, C5) used in the implementation 
of FIG. 4. 

The operation of the amplification stage of the 
circuit of FIG. 14 is- explained with reference to the timing 
diagram of FIG. 16. A "node_reset" signal on the gate of a 
transistor M35 is asserted to clear any residual charge 
remaining on the common line at the input to the source- 
follower M34. The operational amplifier 90 is reset by 
asserting the signal "phi_rst" to close the reset switch 
S10. At substantially the same time, the variable gain is 
selected by closing one or more of the switches S35 through 





S39, and a signal »phi_out'' is asserted to close the switch 
S14 at the output of the operational amplifier 90. 

The pixel reset value stored, for example, by the 
capacitor C31 in the sample-and-hold circuit 60A is driven 
5 to the left-hand plates of the capacitors C35 through C39 by 
asserting a signal "phi_ro" which closes the switch M33. 
The right-hand plate of the clamping capacitor CIO at the 
output stage of the operational amplifier 90 is charged to 
the voltage Vcl by asserting the signal "CL2" to close the 
10 switch S15. The reset switch S10 for the operational 

amplifier 90 then is turned off, and once the output of the 
operational amplifier 90 settles to the voltage Vcl, the 
switch S15 also is turned off. 

Next, the switch M33 is turned off. The switch M32 
15 then can be turned on by asserting a signal "phi_so" to 

drive the pixel signal level stored by the capacitor C3 0 to 
the array of capacitors C35 through C3 9. The charge is 
transferred to the feedback capacitor C6 , which causes the 
output of the operational amplifier 90 to increase by the 
20 gain (G) times the differential value between the pixel 

reset and signal values. The amplified differential value 
also appears at the clamping capacitor C10. 

Once the amplification step is complete, the 
amplified differential value can be converted to a 
25 corresponding digital value in the manner described above 
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with respect to FIG. 4. The entire process can be repeated 
with respect to the reset and signal values corresponding to 
the pixel 50B from the odd column and previously stored by 
the sample-and-hold circuit 60B. As previously described, 
5 the two bytes of information corresponding to the pixels 
50A, 50B can be transferred to the bus 54, with one byte 
transferred during each clock cycle. 

The foregoing implementations have been explained 
assuming that the pixels 50A, 50B operate in a photodiode 
10 mode in which the pixel signal value is sampled prior to the 
pixel reset value. However, in other implementations, the 
pixels can operate in a photogate mode in which the reset 
value is sampled prior to the signal value. 

Additionally, the foregoing implementations have 
15 been described with respect to a column parallel 

architecture in which each readout circuit 52 processes 
signals from two columns. However, as previously mentioned, 
the readout circuits 52 can be modified so that each readout 
circuit is associated with only a single column of sensors, 
20 In that case, each readout circuit would need only one of 
the sample-and-hold circuits 60A, 60B. Similarly, each 
latch circuit 96 could be simplified because it would need 
to store just a single bit for the particular pixel signal 
being processed. 
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In other implementations, a single amplification 
stage and analog- to-digital conversion stage can be 
associated with a group of columns (e.g, four or six) in the 
array. In such a situation, the readout circuit would 
5 include multiple sample-and-hold circuits according to the 
number of columns with which the amplification and analog- 
to-digital stages are associated. 

Other implementations are within the scope of the 
following claims. 
10 What is claimed is: 
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